To assess a possible relationship between maternal cognitive dysfunction during pregnancy and hypothyroxinemia, adjusted for major confounders.
| INTRODUC TI ON
About 50%-80% of pregnant women perceive memory deficits often called 'pregnancy brain'. 1, 2 Decline of verbal memory, associate learning, reaction time and verbal recall have been reported. 3 The exact mechanism is largely unknown but is likely to be multifactorial. 4 Pregnancy is also associated with sleeping difficulties that in turn can have detrimental effect on health-related quality of life and contribute to worse cognitive functioning. 5 Cognitive dysfunction and sleeping problems are also common symptoms of depressive disorders and depression occurs in 10%-15% of pregnant women. 6, 7 Thyroid hormones (THs) are critical for normal brain functioning. 8, 9 Poor cognitive functioning is one of the most prominent and persistent symptoms reported by patients with Hashimoto thyroiditis who are biochemically euthyroid after long-term levothyroxine (T4) replacement. 10 In most studies, thyroid status in pregnant women is categorized using the classical biochemical criteria of trimester-specific fT4 and TSH reference ranges irrespectively of TPO-Ab status: overt hypoand hyperthyroidism as well as subclinical hypo-and hyperthyroidism. 11 These conditions have been associated with poor obstetric and infant outcome. 12 However, even 5%-7% of pregnant women who are biochemically euthyroid have elevated TPO-Ab titres. These women are also at risk for unfavourable obstetric outcome. 12 Two decades ago another subgroup with suboptimal thyroid function was defined: those with fT4 concentration in the lower percentile cut-offs ranges (<2.5th, <5th or 10th percentile) with TSH concentration within the reference range. 11, 13, 14 The logical 'counterpart' of this concept, that is hyperthyroxinemia, referring to women with fT4 concentration in the highest 90th, 95th or 97.5th percentile ranges with TSH concentration within the reference limits, has hardly been documented.
Despite numerous reports of the association between gestational hypothyroxinemia and impaired neurodevelopment of the offspring, others doubt the relevance of the concept of hypothyroxinemia. 11 But a very recent report of over 45 000 pregnant women underlines the importance of this concept showing that hypothyroxinemia is independently related to (very) preterm birth. 15 The exact origin of gestational hypothyroxinemia in iodine sufficient areas is unknown but is thought to be explained by the 'massive foetal consumption' of trans-placental transported T4 during gestation and the substantial de-iodination of T4 by the placenta. 16 If this concept is relevant, it is obvious that defining women into (sub)clinical hypo-and hyperthyroidism versus a control euthyroid group will implicate that in the latter a substantial number of women will have hypo-and hyperthyroxinemia eventually resulting in possible false interpretation of the results. For example, we recently reported that at 12 weeks of gestation, there were no differences in thyroid dysfunction symptoms between women with (sub)clinical thyroid dysfunction when compared to euthyroid women. 17 However, we did not correct for hypo-and hyperthyroxinemia in the 'euthyroid' group nor for TPO-Ab status. Many other studies (summarized elsewhere) did also not correct for hypothyroxinemia in the 'euthyroid' control group. 12 Cognitive functioning during pregnancy in relation to thyroid function has hardly been investigated. Therefore, the current study focuses on a possible association of cognitive function with gestational hypo-and hyperthyroxinemia. Primary hypothesis is that women with hypothyroxinemia will have more cognitive dysfunction compared with the reference group. Secondary hypothesis is that women with hyperthyroxinemia will have even better cognitive function compared with the reference group. Possible associations are adjusted for two important determinants of cognitive function in general: sleeping problems and depression. A third hypothesis is that if women with hypothyroxinemia present poor cognitive function, it will be most prominent in those with elevated TPO-Ab titres.
| MATERIAL S AND ME THODS
The current report is part of the longitudinal prospective HAPPY project (Holistic Approach to Pregnancy and the first Postpartum
Year), of which the details have been described elsewhere. 17, 18 
| Participants and procedure
From January 2013 to September 2014, pregnant women who had their first antenatal visit at one of the 17 participating community midwife offices in the south-east of the Netherlands were invited to participate in the HAPPY. During the 18 months of women recruitment period, approximately 4150 women visited the participating midwife offices. Only Dutch-speaking women (N = 3475) were invited to participate. Exclusion criteria in this study were gemelli or higher-order pregnancy, an endocrine disorder currently or in the past (diabetes type I, thyroid disorder or use of thyroid medication), a known current diagnosis of depression, a known severe psychiatric disease (borderline, personality disorder), a known drug or alcohol addiction, HIV or any other disease resulting in treatment with drugs that are potentially adverse for the foetus and need careful follow-up during pregnancy. The participants within the HAPPY study were nonpsychiatric, healthy pregnant women. A total of 3159 women were eligible, of whom 2275 (response rate = 72%) signed a written informed consent. 18 The study was approved by the Psychology Ethics Committee of Tilburg University (protocol number EC-2012.25) and additionally evaluated by the Medical Ethical Committee of the Máxima Medical Center in Veldhoven.
| Assessments
This study is reported in line with the STROBE guidelines. 19 At 12 weeks of gestation, women completed a set of questionnaires that evaluated demographic and obstetric features and lifestyle habits. Moreover, at 12, 22 and 32 weeks of gestation, a 50-item questionnaire with a wide variety of somatic, mental and cognitive items was administered. The items of this questionnaire were derived from in-depth interviews with focus groups of pregnant women, women who recently confined and community midwives.
In the total sample, two at random selected subsamples of 1000 women were defined for the construct validation analysis of this 50-item symptom scale. In the first sample, principal component factor analysis with varimax rotation showed poor factor loadings of 20 items, which were omitted, resulting in a 30-item symp- Table S1 . For the current study, the 2-item cognitive function symptom and the 2-item sleeping problem subscale were used. 
| Cognitive function

| Sleeping problems
Women were also asked: 'Did you experience during the previous weeks of pregnancy symptoms of:' 'troubles to fall asleep?' or 'troubles to sleep through the night?' with a similar 5-point Likert scale answer category as described above. This 2-item sleeping problem questionnaire showed appropriate reliability during the study with Cronbach's alpha of 0.70, 0.72 and 0.74 at 12, 22 and 32 weeks of gestation, respectively. Higher scores were indicative of greater sleep difficulties.
| Depression symptoms
Depression symptoms over the past seven days were assessed at 12, 22 and 32 weeks of pregnancy using the Dutch version of the 10-item Edinburgh (Postnatal) Depression Scale (E(P)DS). The EPDS was originally developed by Cox for assessing depressive symptoms during the postpartum period (Cox & Sakowsky 1987) and in nonpostnatal women resulting in the nomenclature of EDS (Cox et al 1996) . 20, 21 It was validated postnatally and during pregnancy in the Netherlands. 22, 23 The total score ranges from 0 to 30, with higher scores indicating higher levels of depressive symptoms. In the current study, the Cronbach's alphas of the EDS at 12, 22 and 32 weeks of pregnancy were 0.82, 0.84 and 0.83, respectively. gestational hypothyroxinemia and offspring's neurodevelopmental outcome-that up to the 10th percentile cut-off of FT4 showed significant differences. 24 Power calculation showed that at 95% confidence level and with 5% margin of error the sample size drawn of 3000 eligible women should be at least 341. 
| Thyroid function assessment
| Statistics
| RE SULTS
Of the 2.275 participants, blood assessments were not available in 78 women. Of the 2197 remaining women, there were missing item(s) on the questionnaires at 12 weeks of gestation in 115 (5.2%)
women. These women did not differ from the remaining women with regard to parity, education, age, lifestyle habits and thyroid parameters. Due to this low number of missing data, we did not perform imputation of the missing data and these women were excluded;
hence data analysis refers to 2082 women ( Table 1 ). The number of women with an elevated TPO-Ab titre was 179 (8.6%), and 151 of these women showed a titre >50 kU/L. The correlation between logTSH and logTPO was r: 0.16 (P < .001).
| Independent variable: thyroid function
As summarized in the recent guidelines, the reference ranges (2.5 th -97.5th percentile) of FT4 and TSH were defined in the current study in TPO-Ab-negative women. This was for TSH: 0.23-4.0 mU/L and for fT4: 11.5-18 pmol/L. 11 Based on these cut-offs, various thyroid dysfunction subgroups at 12 weeks are shown in Table 2A Table 2B shows that in the category of women with hypothyroxinemia, up to 12%-13% showed elevated TPO-Ab titres irrespective of the cut-off used while in the subgroups with hyperthyroxinemia (Table 2C ) the number of women with TPO-Ab decreased with decreasing upper limit fT4 percentile cut-offs. In parallel, the median TSH concentration and mean TPO-Ab titre remained high in the hypothyroxinemia subgroups (however within reference range) but decreased with increasing FT4 cut-off. percentile had the lowest mean scores of cognition dysfunction (ie better perceived cognitive functioning) while hypothyroxinemic women consistently showed the poorest cognitive function. Post hoc analysis (Sheffé) showed that these differences were mainly explained by the high (poor) scores in the hypothyroxinemic groups. Table 3B shows that within the subgroups of women with hypothyroxinemia, those with elevated TPO-Ab titres showed the poorest cognitive function. In all three subgroups with hypothyroxinemia, the TPO-Ab-positive women showed the highest median of TSH compared to the TPO-Ab-negative women with hypothyroxinemia.
| Dependent variable: cognitive function
A commonly used cut-off to define a high score of depression selfrating scales is a score of >1 SD above the mean if there is a normal distribution of the scores. 25 with definite sufficient fT4 hormone (fT4 between 10-90th percentiles with normal TSH = controls) vs different subgroups of percentiles cut-offs of hypo-and hyperthyroxinemia (Figure 1 ). Figure 1 shows that women with fT4 concentration in the lowest percentiles had the highest prevalence rate of cognitive dysfunction.
Similarly, women with hyperthyroxinemia had the lowest cognitive dysfunction prevalence rate compared with controls.
| Confounders of cognitive function: depression and sleeping problems
| Depression
At 12 weeks of gestation, the mean EDS score in the total group There were no significant differences in depression frequency according to different cut-offs of hypo-and hyperthyroxinemia compared with controls (data not shown). 
| Sleeping problems
| Relation between hypothyroxinemia and cognitive dysfunction after adjustment for confounding factors
In Table 4A , single logistic regressions are shown with cognitive dysfunction at 12 weeks as dependent variable. The TPO-Ab-negative control group of women was compared with women with hypothyroxinemia and hyperthyroxinemia using the 2.5th and 97.5th percentile cut-offs. Moreover, the possible relation between poor cognitive function and confounders as depression and sleeping problems as well as and other variables that are known to possibly interfere with cognitive function: age, parity, alcohol intake, smoking, foetal sex and education was investigated. Table 4A shows that hyperthyroxinemia was not (negatively) associated with cognitive dysfunction but hypothyroxinemia, smoking, sleeping problems and depression were all significantly related to cognitive dysfunction. These variables were subsequently entered into a multiple logistic regression model (Table 4B) .
Hypothyroxinemia was independently related to cognitive dysfunction at 12 weeks of gestation: OR: 2.9 (95% CI: 1.6-5.4)..When we repeated the multiple logistic regression analyses using FT4 cut-offs at 5th and 10th percentiles, similar independent associations were found between hypothyroxinemia and cognitive dysfunction: OR:
2.3 (95% CI: 1.4-4.0) and OR: 1.6 (95% CI: 1.1-2.4), respectively.
| Prospective follow-up of cognitive function throughout gestation
Throughout pregnancy, cognitive function scores were available in 1935 women. In these women, the mean scores of cognitive dysfunction increased from 1.83 (SD: 1.47) at 12 weeks to 2.33 (SD: 
| D ISCUSS I ON
The current study shows that fT4 concentrations below the 2.5th, 5th or 10th percentiles and with TSH concentration within reference ranges are independently related to poor perceived cognitive functioning at first trimester of pregnancy and this association was independent from other psychosocial risk factors of cognitive impairment. Moreover, prospective follow-up showed that cognitive dysfunction remained significantly worse throughout the pregnancy in the hypothyroxinemia group compared to the TPO-Ab-negative control group with sufficient fT4 (between 10 and 90th percentiles).
Women with hyperthyroxinemia showed less (but not significantly) cognitive dysfunction compared with the TPO-Ab-negative control group. Finally, within the hypothyroxinemic subgroups of women, those with elevated titres of TPO-Ab showed the poorest cognitive function.
Hypothyroidism is associated with cognitive impairment, suggesting that THs are critical for normal brain functioning and cognition. 8, 9 Animal studies in rats showed that the cholinergic neurotransmitter system involved in learning and memory seems to be a mediator of the effects of THs on cognition activating different proteins and mitogen-activated protein kinases which have a role in neurotransmitter release. 26, 27 Also, THs are involved in free radical production which has been associated with different forms of learning and memory. 27 There are also several human studies showing a relation between thyroid function and cognitive function in coronary artery disease patients and especially in patients with Hashimoto. 10, 28 But a recent trial that examined thyroid hormone replacement therapy for subclinical hypothyroidism in individuals ≥65 years did not find beneficial effects across patient-reported outcomes, including executive cognitive function. 29 However, it might be questioned whether at this age, cognitive dysfunction is predominantly related to early dementia symptoms, commonly caused by cerebral-vascular problems or (early stages of) Alzheimer disease.
Several RCTs showed no benefit of thyroid hormone replacement therapy in pregnant women using a subcategory of women with hypothyroxinemia similar to criteria as in the current study. 30, 31 However, primary outcome was obstetric complications and neurodevelopment of the offspring with no data on the effect of such intervention for women cognitive functioning.
Several clinical and sociodemographic characteristics of women included in the current study are similar to that of the Dutch national perinatal obstetric data, including age, parity and previous abortion as discussed elsewhere. 17 Also, the thyroid parameters are similar to that of another large population pregnant sample of the Generation R study, as discussed in detail elsewhere. 17 The current sample was higher educated compared with the national standard and almost all women were Caucasian, compared with the national figure of 80%.
Therefore, the results of the current study cannot be generalizable to the whole country. Recently, it was demonstrated that TSH levels already increase at TPO-Ab cut-offs below the normally used cut-off of <35 kU/L. 32 Inversely, higher TSH is associated with higher TPO-Ab titres. In women with hypothyroxinemia, TSH levels are higher (but still below the upper limit of 97.5th percentile) compared with euthyroid or euthyroxinemic controls. The lower the FT4 cut-off, the higher the TSH which was also the case in the current study. Mean cognitive dysfunction score
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This explains why women with hypothyroxinemia have (persistently) higher numbers of TPO-Ab + women.
The finding of the poorest cognitive function in TPO-Ab-positive hypothyroxinemic women is intriguing. It should be noticed in 34 Other studies also found a high correlation between objective cognitive functions tests and self-report symptoms of forgetfulness and concentrations problems. 35 Iodine status was not assessed in the current study.
However, in a recent review, the reliability of a few urine (even 24 hours) iodine assessments (for example each trimester) has been questioned whether it reflects the general iodine intake during pregnancy. 36 In addition, food questionnaires assessed at midterm seem to reflect iodine intake but they are not user-friendly (including 225 items). 36 An alternative could be to assess thyroglobulin as a reflection of long-term iodine intake but TG is susceptible to physiological changes during pregnancy and the presence of Tg-Ab. 37 How to explain the relatively large number of women with hypothyroxinemia during early pregnancy? The most prominent cause of hypothyroxinemia is low iodine intake. But the area where the current study was performed is iodine sufficient: in a recent study in the same area (2008), the number of neonatal TSH heel results >5 mIU/L was 3% which is below the 5% indicating iodine deficiency during pregnancy. 17 This suggests that hypothyroxinemia is probably related to the 'massive foetal consumption' of transplacentair transported T4 during gestation. 12 But poor iron status is also related to poor thyroid hormone status. 38, 39 TPO is a haem enzyme that becomes active only after binding haem. 35 During pregnancy, many women have low iron status mostly to be explained by blood dilution because of total plasma volume extension. Low iron status has been associated with lower TSH, total T4 status and hypothyroxinemia during pregnancy. 35, 36 In the current study, the number of women with elevated TPO-Ab in women with hypothyroxinemia at different cut-off's (<2.5th, <5th and <10th percentile) remained almost twice as high compared to biochemically euthyroid women ( Table 2) suggesting that thyroid autoimmunity might be an important cause of hypothyroxinemia, possibly mediated by poor iron status? Unfortunately, iron status and the presence of anaemia were not assessed in the current study.
What might be the clinical relevance of the current findings?
It is beyond the scope to participate in the discussion whether all pregnant women should be screened on thyroid dysfunction during early pregnancy. The international guidelines promote case finding in women possibly at risk for thyroid dysfunction including those with symptoms 'typically related to thyroid dysfunction'. 11 The current study shows evidence that women with 
